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Abstract. We report ab-initio simulations of the quantum dynamics of electronic
charge and spins when subjected to intense laser pulses. By performing these purely
electron-dynamics calculations for a thin film and for the bulk of Ni, we conclude
that formation of surface has a dramatic influence of amplifying the laser induced
demagnetization. The reason for this amplification is enhanced spin-currents on the
surface of the thin films. We show that the underlying physics of demagnetization for
bulk is dominated by spin-flips induced by spin-orbit coupling. In case of thin films the
dominant cause of demagnetization is a combination of the flow of spin-currents and
spin-flips. Furthermore, a comparison of our results with experimental data shows that
below ∼120 fs processes of demagnetization is entirely dominated by purely electronic
processes followed by which dissipative effects like Elliott-Yafet mechanism start to
contribute significantly.
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1. Introduction
Femtomagnetism [1], whereby the magnetic properties of a material are manipulated
on the femtosecond timescale, was initiated by the experimental observation [2–5] of
ultrafast demagnetization of ferro-magnets subjected to an intense laser pulse. Due to
the important technological implications of this phenomenon, e.g. in spintronics [6]
or data storage [7], laser induced control of magnetism has since become a highly
active field [8–27]. As the devices utilizing ultra-short laser pulses to control magnetism
hold the promise to reach the fastest possible electronic timescales, offering a speedup
of several orders of magnitude over current state-of-the-art, magnetically operated
devices, a large amount of work has gone into understanding the underlying physics of
light-matter interactions. Among the most prominent suggested mechanisms are spin-
orbit induced spin-dynamics [28–31], all optical manipulation of spins [32–34], Elliott-
Yafet scattering [24,35–39], Coulomb Exchange scattering [25] and Super-diffusive spin
transport [27, 40].
Most of the theoretical work to-date deals with the effect of laser pulses on the
bulk of the magnetic material. Research that deals with interface/surface are model
calculations [26, 27] focusing only on a single aspect namely the diffusion of electrons
across the interface. However, realistic devices contain surfaces, interfaces and bulk
regions and a detailed understanding of the behaviour of these regions separately,
under the influence of a laser pulse, is crucial [41, 42] to unraveling the complete
physics of demagnetization. Experimentally it is a very challenging task to distinguish
between contributions coming from various regions of the sample, but theoretically,
by considering separate calculations for thin film and bulk of the same material, these
effects can be disentangled. In the present work we use Ni thin film and bulk calculations
to show that the underlying physics responsible for ultra-fast demagnetization in early
femtoseconds is the same in both; spin-orbit induced spin-flips. Interestingly, we find
that symmetry breaking originating from the formation of a surface (or interface) greatly
enhances the demagnetization process. By explicitly treating spin and charge-currents
in our simulations we find that the main reason behind this enhanced demagnetization
in thin films is the presence of large spin-currents generated in these broken symmetry
systems.
In order to do this theoretical work we use the ab-initio method of time-dependent
density functional theory (TDDFT) [43–46], which is, in principle, an exact theory
for studying light-matter interaction and makes no assumptions about the form of the
electron dynamics. The study of dynamics of spins using TDDFT requires an extension
where the magnetization density [47] is treated as an unconstrained vector field. Such
an extension was recently performed [28], facilitating the present work. The calculations
presented here are purely electronic in nature and include contributions like (a) spin-
orbit induced spin-filps (b) restricted set of magnon excitations (by means of a super-cell
calculations) and (c) spin-diffusion (or spin currents) to the process of demagnetization.
Processes such as Elliott-Yafet scattering and electron-phonon (or lattice) induced spin-
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relaxation are ignored. A comparison with experiments then allows one to quantify
the contribution of purely electronic processes to the physics of demagnetization and
time scales at which other processes like Elliott-Yafet scattering become significant. In
the present work we find that for times-scales below 120fs purely electronic processes
dominate the physics of demagnetization.
2. Theoretical Aspects
Within TDDFT [43] a Kohn-Sham(KS) Hamiltonian is used for time evolving the
electronic wave-function. The scalar-relativistic KS Hamiltonian used in the present
work reads:
HˆS =
[
1
2
(
pˆ+
1
c
Aext(t)
)2
+ vs(r, t) (1)
+
1
2c
σˆ ·Bs(r, t) + 1
4c2
σˆ · (∇vs(r, t)× [pˆ+ 1
c
Aext(t)])
]
,
where c is the speed of light, σˆ are the Pauli spin operators and Aext(t) is the vector
potential representing an applied laser field. In the present work it is assumed that
the wavelength of the applied laser pulse is much longer than the length of a unit cell.
This assumption allows for the so-called dipole approximation and it implies that the
spatial dependence of the vector potential Aext can be disregarded. The final term of
Eq. (1) is the spin-orbit coupling term which is included in the most general form
and thus automatically includes any derived forms, e.g. Rashba-Dresselhaus coupling.
The KS effective potential vs(r, t) = vext(r, t) + vH(r, t) + vxc(r, t) is decomposed into
the external potential vext, the classical electrostatic Hartree potential vH and the
exchange-correlation (XC) potential vxc. Similarly, the KS magnetic field is written
as Bs(r, t) = Bext(t) + Bxc(r, t) where Bext(t) is the magnetic field of the applied laser
pulse plus possibly an additional magnetic field and Bxc(r, t) is the XC magnetic field.
In the present work we use the adiabatic local density approximation [48,49] (ALSDA)
for the XC functional.
In order to analyze the contribution of each term in this Hamiltonian (1) to the
dynamics of the magnetization M(t) =
∫
m(r, t)d3r =
∫ 〈σˆnˆ(r, t)〉d3r, where nˆ is the
density operator and m(r, t) is the magnetization density, we start by calculating the
dynamics of the magnetization density using Ehrenfest’s theorem:
∂
∂t
mj(r, t) = i〈[Hˆs, σˆjnˆ(r, t)]〉, (2)
Substituting Hˆs from Eq. 1 into Eq. 2 leads to
∂
∂t
mj(r, t) = i
[
〈[1
2
(pˆ+
1
c
Aext(t))
2, σˆjnˆ(r, t)]〉+ 〈[ 1
2c
σˆ ·BS(r, t), σˆjnˆ(r, t)]〉
+ 〈[ 1
4c2
σˆ · (∇vS(r, t)× [pˆ+ 1
c
Aext]), σˆjnˆ(r, t)]〉
]
. (3)
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Evaluating the commutators results in
∂
∂t
m(r, t) = −∇ · ←→J (r, t) + 1
c
[Bs(r, t)×m(r, t)] + 1
4c2
[∇n(r, t)×∇vS(r, t)]
+
1
2c2
[
←→
J T (r, t)− Tr{←→J (r, t)}] ·∇vS(r, t), (4)
where
↔
J (r) =
↔
Jp (r) +
↔
Jd (r) corresponds to the total spin-current tensor with
paramagnetic component
↔
Jp (r) = 〈σˆ ⊗ 12{nˆ(r), pˆ}〉 and diamagnetic component↔
Jd (r) = m(r) ⊗ 1cAext. The change in the global moment, ∂tM(t) =
∫
∂tm(r, t)d
3r,
can be evaluated by integrating Eq. 4; the integral over −∇ · ←→J (r, t) vanishes due to
Gauss’s law and the integral over 1
4c2
[∇n(r, t)×∇vS(r, t)] vanishes upon integrating by
parts. For ALSDA Bxc(r, t)×m(r, t) = 0 and in the absence of any external magnetic
field (i.e. Bext=0), the dynamics of the magnetization is given by:
∂
∂t
M(t) =
1
2c2
∫
d3r [
↔
J
T (r, t)− Tr{↔J (r, t)}] ·∇vs(r, t)
=
1
2c2
∫
d3r
xˆyˆ
zˆ
×
∇vs(r, t)× jx(r, t)∇vs(r, t)× jy(r, t)
∇vs(r, t)× jz(r, t)
 (5)
with
↔
J (r, t) =
jTx (r, t)jTy (r, t)
jTz (r, t)

Here each spin-current density describes the flow of the respective spin-component. The
z-component of Eq. 5 reads:
∂
∂t
Mz(t) =
1
2c2
∫
d3r [∇vs(r, t)× jy(r, t)]x − [∇vs(r, t)× jx(r, t)]y (6)
3. Results
In order to distinguish the behaviour of spins on the surface (or interface) from those
in the bulk of a sample subjected to an intense laser pulse, we study two cases in the
present work; laser induced spin-dynamics in (a) bulk Ni and (b) a free standing film
of Ni. Bulk Ni is easy to simulate in an electronic structure code which uses periodic
boundary conditions (Elk code is used for all simulations [50]), but the computation of
a thin film requires special care; in the present work we have used a 5 atomic layer thick
film with a 5 layer thick vacuum. The z-axis points in plane of the film and y-axis out
of the plane. The ground state of this thin film is ferromagnetic with the magnetization
pointing along the z-axis (in-plane of the film) (with a layer resolved moment of 0.71,
0.68 and 0.66 µB starting from the layer adjacent to the vacuum). The pump laser pulse
is then applied perpendicular onto this surface. At t = 0 we begin the simulation from
the ground-state for both systems (bulk and film) and the results for the relative moment
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Figure 1. Top Panel: The electric field of the applied laser pulse with an intensity of
3.8×1011 W/cm2, a fluence 8.05 mJ/cm2 and a full width at half maximum (FWHM) of
40fs. Middle Panel: The dynamics of the z-component of the total magnetic moment
for both the Ni thin film (black solid line) and bulk Ni (blue dashed line). Lower
Panel: Comparison of the averaged layer-resolved moment to the experimental data of
Ref. [11]. The parameters of the pulse were also taken from this reference.
Mz(t)/Mz(t = 0) as a function of time are shown in Fig. 1. In both cases, under the
influence of the laser pulse of fluence 8.05 mJ/cm2, the system is first optically excited
(i.e. electrons are excited to energetically higher lying states), followed by a global loss
in the magnetic moment. The two cases differ in the amount of demagnetization; the
bulk shows a small loss of moment (∼ 8% during the simulation) while for the thin film
this loss is much larger (∼ 20%). Furthermore the calculations done in the film geometry
can be compared to realistic experiments, where the laser pulse is applied perpendicular
to the surface of the sample and such a comparison is made in Fig. 1c. The results
show that we only reach an agreement with the XMCD data of Ref. [11] for the first
∼120fs beyond which the theoretical work saturates and experimental data continues to
demagnetize. The reason behind this disagreement between theory and experiment is
the fact that in the present work we have included electronic only contribution (like spin-
flips, spin-current and magnons) to the process of demagnetization and electron-lattice,
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Figure 2. The vector field jx(t = 120fs) around the Ni atom. The choice of t = 120
fs is made based on the demagnetization being at its maximum. To easily visualize
this vector field we show the streamlines in the left panel for bulk and in the right
panel for Ni atom adjacent to the vacuum in the film.
electron-phonon, other Elliott-Yafet like mechanisms and radiation losses are ignored.
These results thus point to two important findings (a) how significant and at what
time scales is the contribution of the electronic processes to the total (experimental)
demagnetization and (b) the time scales at which dissipative processes like Elliott-Yafet
mechanism start to be significant. We find that, in the present case, around 120fs such
processes start to contribute and become dominant for longer times.
At this point, it is natural to ask if the underlying mechanism for ultrafast
demagnetization in bulk differs from a thin film. To answer this we note that in a
purely electronic simulation there are two distinct spin excitation processes that can
lead to a loss in the moment: processes that lead to local moment loss like magnons or
non-collective canting of spins between atoms and processes that lead to global moment
loss like spin-flips (or Stoner like excitations). We find that in both cases, for the first
∼120fs, the observed loss in magnetization along the z-direction is not accompanied by
an increase in magnetization in the x or y directions, indicating that the long-range
non-collinearity plays very little role on these time scales and the dynamics of Fig. 1 is
dominated by spin-flip processes for both bulk and thin films. Furthermore, the term in
the Hamiltonian (Eq. 1) responsible for this magnetization dynamics is the spin-orbit
coupling and setting this term to zero leads to no global demagnetization.
Despite the similarity in the underlying physics, the amount of demagnetization
is markedly different in the two cases (film and bulk). The question then arises:
what leads to this strong difference? From Eq. 5 it is clear that the spin-current
tensor,
↔
J, is the sole quantity responsible for demagnetization. Hence to understand
the difference between the thin film and the bulk demagnetization, in Fig. 2, we plot
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Figure 3. Top Panel: The electric field of the applied laser pulse, with peak intensity
1 × 1013 W/cm2, FWHM of 17 fs, and fluence of 91.27 mJ/cm2. Lower panel: The
dynamics of the z-component of the magnetic moment for top (black) and central
(red) layers of Ni film and for bulk Ni (blue). The shorter pulse leads to a significant
increase of the observed demagnetization. Additionally, the demagnetization occurs
much faster.
the x-spin-component of the spin-current, jx, which can be defined following Eq. 4 as
jx(r) = 〈σˆx ⊗ 12{nˆ(r), pˆ + 1cAext}〉 = 〈σˆx ⊗ jˆ〉. This quantity can be interpreted as
the vector field showing the flow of spins orientated along the x-direction. As an aid
to visualizing these currents, we can create streamlines by following the direction of
the vector at each point with the strength of this flow shown in colour. Fig. 2 thus
shows how the spins pointing in the x-direction are flowing (circulating) around the
y-axis. From these results it is clear that for both the bulk and the film the spin-
current loops clockwise about the y-axis, as is required by Eq. 6 to cause a change
in the moment. However, the magnitude of the spin-current in the case of the thin
film is much larger than for the bulk and this enhanced spin-current then leads to
larger demagnetization in the film. The reason behind this we find to be the broken
symmetry due to surface/interface formation, which allows for large surface currents due
to the presence of localized electronic wave-function (a natural consequence of the lower
symmetry). The flow of this surface current towards the center of the film then causes
large spin-currents every where in the film resulting in a significant demagnetization.
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To gather further insight into different behaviour of thin films and bulk it is
instructive to compare the layer resolved magnetization of the film to that of the bulk.
These results, for an ultra-short pulse with FWHM=17fs, are plotted in Fig. 3 for the
bulk, the top layer of the film and the very central layer of the film. From this data
it is clear that during the first ∼30 fs the demagnetization in the bulk and the central
layer of the film are similar while the top layer of the film demagnetizes faster. Beyond
40fs the layers of the film continue to demagnetize while the bulk saturates. These
results raise two interesting questions; why the demagnetization is almost the same for
the bulk and the film in the first 30fs and why do the layers of the film continue to
demagnetize whereas the bulk saturates beyond 40fs? One of the major reasons for
these effects is that below ∼30fs the spin-currents have almost the same magnitude for
the bulk and the film, subsequently the broken symmetry allows for stronger currents
in the film, while for the case of the bulk these currents stay small. In case of the film
these spin-currents flow from one layer to another and continue to flow beyond the first
40fs, leading to further demagnetization of the layers of the film. This explains the
observed physics of demagnetization in the two cases. It would be interesting to know
the thickness at which the very central layer of the film start to behave like the bulk
of Ni. But TDDFT, a state-of-the-art method to deal with light-matter interaction,
comes at a very high computational cost. As a result, treating a film greater than a few
atomic-layer thickness is not feasible with the resources available to us.
Finally, it is crucial to mention that in Fig. 3 we have used the predictive power
of TDDFT to study the influence of ultra-short laser pulses on the spin dynamics.
Presently there are no experiments reported which utilize such pulses, however the
parameters are within the range of available technology. The effect of this ultra-short
pulse is faster and much enhanced demagnetization; for a film 51% of the moment is
lost while for bulk this value is 17%. The corresponding values for the long pulse (see
Fig. 1) are 20% for the film and 8% for the bulk.
4. Discussion
By performing ab-initio simulations for laser pulse excited ferromagnetic thin films, we
have demonstrated that thin films show enhanced spin-orbit mediated demagnetization
compared to a bulk. We have further demonstrated that this enhancement in the
demagnetization near the surface of a film is due to the broken symmetry which increases
the rotating spin currents in the system. These calculations show the importance of
treating the spin-orbit coupling as well as charge- and spin-currents at the same footing.
From our calculations one can conclude that for a typical laser pump pulse (as
currently used in experiments), demagnetization (caused by purely electronic processes)
is strong within the first few atomic layers of a material but will then decrease to the
smaller bulk value as we get deeper into the sample and it becomes more bulk-like. For
longer duration pulses, such as that used in Fig. 1, for the first ∼120fs purely electronic
processes dominate the physics of demagnetization. Beyond first 120fs, these electronic
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mechanisms will exist in addition to dissipative mechanisms such as Elliott-Yafet, and
it will require more ingenious experiments to disentangle and distinguish them. This
early time purely electronic regime is of great importance for optimal control and device
production at ultrashort timescales as it allows for the possibility of coherent control of
the electrons.
5. Computational Details
Considering future coherent control of spins by light, in the present work we explicitly
concentrate on the electronic degrees of freedom during the early femtoseconds.
Dissipative processes that induce decoherence such as radiation and phonons are not
included (nuclei are kept fixed during the simulation). At this point it is important to
mention that collective magnetic excitations (e.g. magnons) are also purely electronic in
nature and have been included in the present work through usage of a large super-cell.
However, we found that magnons only have a minor contribution to the spin-dynamics
in the time scales studied in the present work [28].
State-of-the art full potential linearized augmented plane wave (LAPW) method
implemented within the Elk code [50] is used in the present work. The core electrons
(with Eigenvalues below 95eV) are treated using the radial Dirac equation while higher
lying electrons are treated using the scalar relativistic Hamiltonian in the presence of the
spin-orbit coupling. To obtain the 2-component Pauli spinor states, the Hamiltonian
containing only the scalar potential is diagonalized in the LAPW basis: this is the
first-variational step. The scalar states thus obtained are then used as a basis to set
up a second-variational Hamiltonian with spinor degrees of freedom [51]. This is more
efficient than simply using spinor LAPW functions, but care must be taken to ensure
that there is a sufficient number of first-variational eigenstates for convergence of the
second-variational problem. In the present work 300 empty states per k-point are used.
For Ni a face centered cubic crystal structure with lattice spacing of 3.52 A˚ is used.
A k-point grid of 8× 8× 8 is used for the bulk and 1× 8× 8 for the film calculations.
A full geometry optimization for the Ni-film was performed, however, we found that
for intense laser pulses, such as used in present work, geometry optimization does not
change results significantly. The maximum augmented plane-wave cutoff for the orbitals
was 3.5 au−1 corresponding to an energy cutoff of approximately 160 eV, and for the
density and potential a value of 12 au−1 was used. An angular momentum cutoff of
8 for orbitals and 7 for densities and potential was used. A time step of 0.002 fs was
used for time propagation [52]. The initial state for all TDDFT calculations was the
DFT ground-state, which is at a temperature of 0K. We use the adiabatic local density
approximation [48, 49] for the XC functional. The film calculations required 900000
CPU hours, running on the HYDRA supercomputer at RZG Garching for 1 month.
Ultrafast demagnetization in bulk vs thin films: an ab-initio study 10
6. Acknowledgements
TM and SS would like to thank QUTIF-SPP for funding. PE and SS would like to
acknowledge funding from DFG through SFB762 project.
References
[1] Uwe Bovensiepen. Femtomagnetism: Magnetism in step with light. Nat Phys, 5(7):461–463, Jul
2009.
[2] E. Beaurepaire, J.-C. Merle, A. Daunois, and J.-Y. Bigot. Ultrafast spin dynamics in ferromagnetic
nickel. Phys. Rev. Lett., 76:4250–4253, May 1996.
[3] J. Hohlfeld, E. Matthias, R. Knorren, and K. H. Bennemann. Nonequilibrium magnetization
dynamics of nickel. Phys. Rev. Lett., 78:4861–4864, Jun 1997.
[4] A. Scholl, L. Baumgarten, R. Jacquemin, and W. Eberhardt. Ultrafast spin dynamics of
ferromagnetic thin films observed by fs spin-resolved two-photon photoemission. Phys. Rev.
Lett., 79:5146–5149, Dec 1997.
[5] M. Aeschlimann, M. Bauer, S. Pawlik, W. Weber, R. Burgermeister, D. Oberli, and H. C.
Siegmann. Ultrafast spin-dependent electron dynamics in fcc co. Phys. Rev. Lett., 79:5158–
5161, Dec 1997.
[6] S. A. Wolf, D. D. Awschalom, R. A. Buhrman, J. M. Daughton, S. von Molna´r, M. L. Roukes,
A. Y. Chtchelkanova, and D. M. Treger. Spintronics: A spin-based electronics vision for the
future. Science, 294(5546):1488–1495, 2001.
[7] I. Tudosa, C. Stamm, A. B. Kashuba, F. King, H. C. Siegmann, J. Stohr, G. Ju, B. Lu, and
D. Weller. The ultimate speed of magnetic switching in granular recording media. Nature,
428(6985):831–833, Apr 2004.
[8] H. Regensburger, R. Vollmer, and J. Kirschner. Time-resolved magnetization-induced second-
harmonic generation from the ni(110) surface. Phys. Rev. B, 61:14716–14722, Jun 2000.
[9] Luca Guidoni, Eric Beaurepaire, and Jean-Yves Bigot. Magneto-optics in the ultrafast regime:
Thermalization of spin populations in ferromagnetic films. Phys. Rev. Lett., 89:017401, Jun
2002.
[10] A. V. Kimel, A. Kirilyuk, P. A. Usachev, R. V. Pisarev, A. M. Balbashov, and Th Rasing.
Ultrafast non-thermal control of magnetization by instantaneous photomagnetic pulses. Nature,
435(7042):655–657, Jun 2005.
[11] C. Stamm, T. Kachel, N. Pontius, R. Mitzner, T. Quast, K. Holldack, S. Khan, C. Lupulescu,
E. F. Aziz, M. Wietstruk, H. A. Durr, and W. Eberhardt. Femtosecond modification of electron
localization and transfer of angular momentum in nickel. Nat Mater, 6(10):740–743, Oct 2007.
[12] Jean-Yves Bigot, Mircea Vomir, and Eric Beaurepaire. Coherent ultrafast magnetism induced by
femtosecond laser pulses. Nat Phys, 5(7):515–520, Jul 2009.
[13] C. Boeglin, E. Beaurepaire, V. Halte, V. Lopez-Flores, C. Stamm, N. Pontius, H. A. Durr, and J.-
Y. Bigot. Distinguishing the ultrafast dynamics of spin and orbital moments in solids. Nature,
465(7297):458–461, May 2010.
[14] Andrei Kirilyuk, Alexey V. Kimel, and Theo Rasing. Ultrafast optical manipulation of magnetic
order. Rev. Mod. Phys., 82:2731–2784, Sep 2010.
[15] Alexey Melnikov, Ilya Razdolski, Tim O. Wehling, Evangelos Th. Papaioannou, Vladimir Roddatis,
Paul Fumagalli, Oleg Aktsipetrov, Alexander I. Lichtenstein, and Uwe Bovensiepen. Ultrafast
transport of laser-excited spin-polarized carriers in Au/Fe/MgO(001). Phys. Rev. Lett.,
107:076601, Aug 2011.
[16] B. Vodungbo, J. Gautier, G. Lambert, A. B. Sardinha, M. Lozano, S. Sebban, M. Ducousso,
W. Boutu, K. Li, B. Tudu, M. Tortarolo, R. Hawaldar, R. Delaunay, V. Lo´pez-Flores, J. Arabski,
Ultrafast demagnetization in bulk vs thin films: an ab-initio study 11
C. Boeglin, H. Merdji, P. Zeitoun, and J. Lu¨ning. Laser-induced ultrafast demagnetization in
the presence of a nanoscale magnetic domain network. Nature Communications, 3:999, 2012.
[17] T. A. Ostler, J. Barker, R. F. L. Evans, R. W. Chantrell, U. Atxitia, O. Chubykalo-Fesenko,
S. El Moussaoui, L. Le Guyader, E. Mengotti, L. J. Heyderman, F. Nolting, A. Tsukamoto,
A. Itoh, D. Afanasiev, B. A. Ivanov, A. M. Kalashnikova, K. Vahaplar, J. Mentink, A. Kirilyuk,
Th Rasing, and A. V. Kimel. Ultrafast heating as a sufficient stimulus for magnetization reversal
in a ferrimagnet. Nature Communications, 3:666 EP –, Feb 2012.
[18] A. Eschenlohr, M. Battiato, P. Maldonado, N. Pontius, T. Kachel, K. Holldack, R. Mitzner,
A. Fo¨hlisch, P. M. Oppeneer, and C. Stamm. Ultrafast spin transport as key to femtosecond
demagnetization. Nat Mater, 12(4):332–336, Apr 2013.
[19] Emrah Turgut, Chan La-o vorakiat, Justin M. Shaw, Patrik Grychtol, Hans T. Nembach, Dennis
Rudolf, Roman Adam, Martin Aeschlimann, Claus M. Schneider, Thomas J. Silva, Margaret M.
Murnane, Henry C. Kapteyn, and Stefan Mathias. Controlling the competition between optically
induced ultrafast spin-flip scattering and spin transport in magnetic multilayers. Phys. Rev.
Lett., 110:197201, May 2013.
[20] N. Bergeard, V. Lo´pez-Flores, V. Halte´, M. Hehn, C. Stamm, N. Pontius, E. Beaurepaire, and
C. Boeglin. Ultrafast angular momentum transfer in multisublattice ferrimagnets. Nature
Communications, 5:3466 EP –, Mar 2014.
[21] Gyung-Min Choi, Byoung-Chul Min, Kyung-Jin Lee, and David G. Cahill. Spin current generated
by thermally driven ultrafast demagnetization. Nature Communications, 5:4334 EP –, Jul 2014.
[22] A. J. Schellekens, W. Verhoeven, T. N. Vader, and B. Koopmans. Investigating the contribution
of superdiffusive transport to ultrafast demagnetization of ferromagnetic thin films. Applied
Physics Letters, 102(25), 2013.
[23] N. Moisan, G. Malinowski, J. Mauchain, M. Hehn, B. Vodungbo, J. Lu¨ning, S. Mangin, E. E.
Fullerton, and A. Thiaville. Investigating the role of superdiffusive currents in laser induced
demagnetization of ferromagnets with nanoscale magnetic domains. Scientific Reports, 4:4658,
2014.
[24] B. Koopmans, G. Malinowski, F. Dalla Longa, D. Steiauf, M. Fahnle, T. Roth, M. Cinchetti,
and M. Aeschlimann. Explaining the paradoxical diversity of ultrafast laser-induced
demagnetization. Nat Mater, 9:259, 2010.
[25] G. P. Zhang, W. Hubner, Georgios Lefkidis, Yihua Bai, and Thomas F. George. Paradigm of the
time-resolved magneto-optical kerr effect for femtosecond magnetism. Nat Phys, 5(7):499–502,
Jul 2009.
[26] Karel Carva, Marco Battiato, and Peter M. Oppeneer. Is the controversy over femtosecond
magneto-optics really solved? Nat Phys, 7(9):665–665, Sep 2011.
[27] M. Battiato, K. Carva, and P. M. Oppeneer. Superdiffusive spin transport as a mechanism of
ultrafast demagnetization. Phys. Rev. Lett., 105:027203, Jul 2010.
[28] K. Krieger, J. K. Dewhurst, P. Elliott, S. Sharma, and E. K. U. Gross. Laser-induced
demagnetization at ultrashort time scales: Predictions of tddft. Journal of Chemical Theory
and Computation, 11(10):4870–4874, Aug 2015.
[29] P Elliott, K Krieger, J K Dewhurst, S Sharma, and E K U Gross. Optimal control of laser-induced
spinorbit mediated ultrafast demagnetization. New Journal of Physics, 18(1):013014, 2016.
[30] G. Lefkidis and W. Hu¨bner. First-principles study of ultrafast magneto-optical switching in NiO.
Phys. Rev. B, 76:014418, 2007.
[31] W. To¨ws and G. M. Pastor. Many-Body Theory of Ultrafast Demagnetization and Angular
Momentum Transfer in Ferromagnetic Transition Metals. Phys. Rev. Lett., 115:217204, Nov
2015.
[32] K. Vahaplar, A. M. Kalashnikova, A. V. Kimel, D. Hinzke, U. Nowak, R. Chantrell, A. Tsukamoto,
A. Itoh, A. Kirilyuk, and Th. Rasing. Ultrafast path for optical magnetization reversal via a
strongly nonequilibrium state. Phys. Rev. Lett., 103:117201, Sep 2009.
[33] S. Mangin, M. Gottwald, C.-H. Lambert, D. Steil, V. Uhlir, L. Pang, M. Hehn, S. Alebrand,
Ultrafast demagnetization in bulk vs thin films: an ab-initio study 12
M. Cinchetti, G. Malinowski, Y. Fainman, M. Aeschlimann, and E. E. Fullerton. Engineered
materials for all-optical helicity-dependent magnetic switching. Nat Mater, 13(3):286–292, Mar
2014.
[34] P Elliott, T. Mueller, J. K. Dewhurst, S. Sharma, and E. K. U. Gross. Ultrafast laser induced
local magnetization dynamics in heusler compounds. Scientific Reports, 6:38911, 2016.
[35] B. Koopmans, H.H.J.E. Kicken, M. van Kampen, and W.J.M. de Jonge. Microscopic model for
femtosecond magnetization dynamics. Journal of Magnetism and Magnetic Materials, 286:271
– 275, 2005. Proceedings of the 5th International Symposium on Metallic Multilayers.
[36] K. Carva, M. Battiato, and P. M. Oppeneer. Ab Initio investigation of the elliott-yafet electron-
phonon mechanism in laser-induced ultrafast demagnetization. Phys. Rev. Lett., 107:207201,
Nov 2011.
[37] Sven Essert and Hans Christian Schneider. Electron-phonon scattering dynamics in ferromagnetic
metals and their influence on ultrafast demagnetization processes. Phys. Rev. B, 84:224405,
Dec 2011.
[38] K. Carva, M. Battiato, D. Legut, and P. M. Oppeneer. Ab initio theory of electron-phonon
mediated ultrafast spin relaxation of laser-excited hot electrons in transition-metal ferromagnets.
Phys. Rev. B, 87:184425, May 2013.
[39] Christian Illg, Michael Haag, and Manfred Fa¨hnle. Ultrafast demagnetization after laser
irradiation in transition metals: Ab initio calculations of the spin-flip electron-phonon scattering
with reduced exchange splitting. Phys. Rev. B, 88:214404, Dec 2013.
[40] M. Battiato, K. Carva, and P. M. Oppeneer. Theory of laser-induced ultrafast superdiffusive spin
transport in layered heterostructures. Phys. Rev. B, 86:024404, Jul 2012.
[41] A. Eschenlohr, J. Wieczorek, J. Chen, B. Weidtmann, M. Ro¨sner, N. Bergeard, A. Tarasevitch,
T. O. Wehling, and U. Bovensiepen. Analyzing ultrafast laser-induced demagnetization in
co/cu(001) via the depth sensitivity of the time-resolved transversal magneto-optical kerr effect.
Proc. SPIE, 9746:97461, 2016.
[42] J. Chen, J. Wieczorek, A. Eschenlohr, S. Xiao, A. Tarasevitch, and U. Bovensiepen.
arXiv:1608.03842v1.
[43] Erich Runge and E. K. U. Gross. Density-functional theory for time-dependent systems. Phys.
Rev. Lett., 52:997–1000, Mar 1984.
[44] P. Elliott, F. Filipp, and K. Burke. Excited States from Time-Dependent Density Functional
Theory, pages 91–165. John Wiley and Sons, Inc., 2009.
[45] M. A. L. Marques, N. T. Maitra, F. Nogueira, E. K. U. Gross, and A. Rubio. Fundamentals of
Time-Dependent Density Functional Theory (Lecture Notes in Physics 837). Springer-Verlag,
2012.
[46] C.A. Ullrich. Time-Dependent Density-Functional Theory Concepts and Applications. Oxford
University Press, 2011.
[47] U von Barth and L Hedin. A local exchange-correlation potential for the spin polarized case. i.
Journal of Physics C: Solid State Physics, 5(13):1629, 1972.
[48] P. Hohenberg and W. Kohn. Inhomogeneous electron gas. Phys. Rev., 136:B864–B871, Nov 1964.
[49] J Kubler, K H Hock, J Sticht, and A R Williams. Density functional theory of non-collinear
magnetism. Journal of Physics F: Metal Physics, 18(3):469, 1988.
[50] J. K. Dewhurst, S. Sharma & et. al. elk.sourceforge.net.
[51] D. J. Singh. Planewaves, Pseudopotentials and the LAPW Method. Kluwer Academic Publishers,
Boston, 1994.
[52] J. K. Dewhurst, K. Krieger, S. Sharma, and E. K. U. Gross. An efficient algorithm for time
propagation as applied to linearized augmented plane wave method. Computer Phys. Comm.,
209:92, 2016.
